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HAMILTON ANd HAVIG Deming, Mikucki, & Rapp, 2015 and references therein) . However, the majority of geomicrobiological research has been conducted on glacial systems that override primarily carbonate or granitic bedrock types, with little known of the processes that support microbial life in glacial systems overriding volcanic terrains (e.g., basalt or andesite). Alpine regions of the Pacific Northwest host glaciers and permanent and seasonal snowfields overriding volcanic terrains that range in composition from basalt to dacite, making it an ideal location to elucidate these processes.
Supraglacial snow and snowfields host taxonomically and physiologically diverse microbial populations of eukaryotes, bacteria, and archaea (Boetius et al., 2015 and references therein). On glaciers, snow represents the interface between glacial ice and deposition from aeolian and meteoric precipitation processes, and snow algae communities are the key biological drivers of element uptake and cycling at that interface. Snow algae have been studied extensively in high latitude ice sheets (e.g., Antarctica, Greenland, Iceland, Svalbard) as well as alpine environments (e.g., Alaska, the Himalayas, the Rocky Mountains, and the European Alps) (Boetius et al., 2015 to active glaciers results in delivery of fresh ash which is an important source of essential nutrients (Lutz, Anesio, Edwards, & Benning, 2015) . In Iceland, both snow algae pigmentation and volcanic ash are reducing surface albedo which may accelerate melt rate. In the Cascade Range, glaciers are particularly susceptible to rising temperatures due to their size and location (mid-latitude) and are experiencing rapid retreat. Based on 20th century glacier loss rates of ~0.29 km 2 / yr for Mt. Rainier, the Sisters in Oregon may be glacier-free in only ~20 years, and Mt. Hood in OR and Mt. Adams in WA in ~80 years (data from the Portland State University Glaciers of the American West Database). However, the role of snow algae and delivery of debris and ash on surface albedo and melt rates to these surfaces remains poorly understood.
High microbial activity has been observed on glacial surfaces (Anesio, Hodson, Fritz, Penner, & Sattler, 2008) . Blooms of photosynthetic algae and cyanobacteria are often visible on snow or ice surfaces, turning the snow or ice surfaces red, pink, green, yellow, and orange. These photoautotrophs serve as predominant primary producers in many glacial and snowfield ecosystems where only a few specialized phototrophs thrive in the high-irradiation environment with average temperatures near the freezing point (Morgan-Kiss, Priscu, Pocock, Gudynaite-Savitch, & Huner, 2006; Remias, Karsten, Lütz, & Leya, 2010) . In addition to supporting local microbial communities and multicellular life and feeding into the subglacial environment and glacial meltwater, satellite imaging and primary productivity measured in situ suggest photoautotrophic populations hosted on snow in supraglacial ecosystems are a significant component of the modern global carbon cycle Cook et al., 2012; Hisakawa et al., 2015; Takeuchi, Dial, Kohshima, Segawa, & Uetake, 2006) . There is also evidence that microbial assemblages on glacial surfaces actively cycle nitrogen (Boyd et al., 2011; Hamilton, Peters, Skidmore, & Boyd, 2013; Hodson et al., 2008) .
Primary productivity in supraglacial ecosystems (on the ice and snow surface) appears to be nutrient-and temperature-limited . Phosphorous limitation has been reported in glacial environments Stibal, Anesio, Blues, & Tranter, 2009) and there is evidence that biologically available (fixed) nitrogen is also limiting on glaciers and ice sheets (Boyd et al., 2011; Stibal, Šabacká, & Kaštovská, 2006; Telling et al., 2011) .
Despite the role of supraglacial and snowfield microbial communities in local and global biogeochemical cycling and foodwebs, relatively few studies have measured photoautotrophic primary productivity in snow algae communities on glaciers and snowfields (Hodson et al., 2010; Stibal, Šabacká, & Žársky, 2012a; Stibal et al., 2012b ; Thomas & Duval, 1995) . Furthermore, none have reported carbon fixation for snowfields on or near glaciers in the Cascade Range of the Pacific Northwest. Nutrient dynamics including local geology and anthropogenically derived nitrogen deposition on snow and ice surfaces remains largely uncharacterized Telling et al., 2011) as does the delivery of nutrients, cells, and debris from the snow and glacial ice to the surrounding landscape and subglacial sediments. Because extant glaciers are built from years of accumulated snow, and biological activity within glacial ice is likely negligible, extant supraglacial communities serve as a proxy for the geochemical attributes of ancient snow algae communities entombed in the glacial ice.
Here, we report the recovery and composition of 16S and 18S rRNA transcripts from supra-and periglacial snow on three separate stratovolcanoes of the Pacific Northwest as well primary productivity and element sequestration by these assemblages. This study is one of only a handful to report the recovery and analyses of RNA from glacial microbial communities (Boyd, Hamilton, Havig, Skidmore, & Shock, 2014; Hamilton et al., 2013) . Our data indicate that the majority of primary productivity on supraglacial and periglacial snow is light dependent and can be largely attributed to the activity of eukaryotic algae. This observation is supported by bulk 13 C isotopes of the biomass collected from these sites which reflects a signature that typically corresponds to carbon fixation using the pentose phosphate cycle (i.e., the Calvin cycle). Despite previous observations that supraglacial communities are limited in fixed nitrogen and/or phosphorous, addition of nitrate, ammonium, or phosphate to our microcosms did not uniformly stimulate carbon fixation rates in our microcosms. Furthermore, our data suggest snow algae communities are sequestering Fe, P, and Mn sourced from local lava and volcanic ash. Collectively, our data support a role of supraglacial and periglacial snow algae photosynthesis contributing fixed carbon to the local ecosystem and highlight a role for local bedrock in supplying key nutrients to support photoautotrophic carbon fixation on supraglacial and periglacial snow. Mount Adams is a Quaternary composite stratovolcano composed of older basalt flows with a central peak that is basaltic andesite and andesite, with a very minor dacite component (Hildreth & Lanphere, 1994) . Of the three sites, Mt. Adams represents a middle composition between the more silicic Mt. Hood and the more mafic North Sister (both described below). Mount Adams is the most voluminous stratovolcano in the Cascades (second only to Mt. Shasta in CA) and is the largest active volcano in Washington State. It has over 200 perennial snow and ice features and twelve glaciers. Total glacier area on Mount Adams has decreased 49% since 1904 (Sitts, Fountain, & Hoffman, 2010) . Gotchen and Mazama Glaciers are located on the southeastern side of Mount Adams. Gotchen Glacier is the smallest ice sheet on Mount Adams and has decreased in size by 78% since 1904 (Sitts et al., 2010) . Manama Glacier has decreased in size by 46% since 1904 (Sitts et al., 2010) .
| MATERIALS AND METHODS

| Field site descriptions
Mount Hood is an active Quaternary composite stratovolcano in the Cascade Mountains of northern Oregon composed primarily of olivine-, pyroxene-, and hornblende-dacite lavas and pyroclastic flows with smaller eruptions of hornblende andesite and olivine andesite and olivine basalt (Wise, 1969) . Of the three sampling areas, Mt. Hood is the most silicic in composition. Palmer Glacier is on the south slope of Mount Hood. The glacier extends from 2,800 to 1,900 m above sea level and is within the Timberline ski area. Palmer Glacier lost 70% of its debris-free ice area from 1987 to 2005, but the lower portion of the glacier is subject to artificial maintenance and anthropogenic input (Schmidt & Grunder, 2011) . The compositional homogeneity of the North Sister stands out in contrast to those of other long-lived stratovolcanoes of the High Cascades, which tend to have compositions that range from basaltic through to rhyodacitic throughout their eruptive history (Mercer & Johnston, 2008) .
Collier Glacier is on the west side of North Sister and reaches across
Middle and North Sister. It has retreated more than 50% since the 1930s.
| Sample collection
Sediments or snow/ice for RNA extraction was collected in triplicate using a flame-sterilized spatula and placed in sterile 1.5-ml microcentrifuge tubes. Supraglacial and periglacial sites with orange, green, pink, or red hues indicative of snow algae communities were targeted for collection. Samples were immediately flash-frozen on dry ice. For bulk geochemical analyses (described in detail below), approximately 1 L volume of the surface layer of the snow was collected from the same site as was used for incubations (detailed below) using a sterile spatula and placed in a clean 1-L polypropylene bottle (soaked in 10%
trace-element-grade HNO 3 for 3 days, triple-rinsed with 18.2 MΩ/cm deionized water), and the snow was melted in the closed bottle with minimal atmospheric exposure to facilitate filtration but minimize exchange of CO 2 with the atmosphere. Matthews, NC, USA). Following digestion, samples were analyzed for elemental composition (Na, Mg, Al, P, S, K, Ca, Mn, Fe) using the ICP-OES system described above. Bulk snow algae samples include all sediments and allochthonous material not large enough to be seen by the naked eye and removed. Bulk samples were analyzed for C and N concentration and isotopic signature via EA-IR-MS as described below.
| Snow and snow algae geochemistry
| CO 2 photoassimilation
Inorganic carbon uptake was assessed in situ using a microcosm-based approach through the addition of NaH 13 CO 3 . In areas of snow and ice where phototrophic populations were visibly apparent (green-or red-colored snow), samples were collected from the surface layer using a pre-sterilized spatula, placed into a clean container, and allowed to melt to a slush slurry. An equal volume (~ 15 ml) of snow slush slurry was then transferred into pre-combusted (12 h, 450°C) serum vials and capped with gas-tight black butyl rubber septa. Assays were initiated by addition of NaH 13 CO 3 (100 μM final concentration) (Cambridge Isotope Laboratories, Inc., Andover, MA, USA). All assays were performed in triplicate.
At each site, we assessed the potential for photoautotrophic (light) and chemoautotrophic (dark) NaH Table 1 . Photosynthetically active radiation (PAR) was measured at the surface at several time points during each incubation using a BiTec Sensor Luxometer (Gigahertz-Optik, Newburyport, MA, USA).
| C and N concentration and stable isotope signals
Following incubation, samples were filtered onto pre-combusted 
| RNA extraction and generation of complementary DNA (cDNA)
RNA extraction and purification were carried with a FastRNA Spin kit for Soil (MP Biomedicals) as described previously (Hamilton et al., 2013) . RNA was extracted in triplicate from three independent ~500 mg subsamples of biomass/sediments. Equal volumes of each triplicate extraction were pooled for further analyses. In addition to the biomass/sediment samples, RNA extraction and purification were carried on negative controls consisting of 18.2 MΩ/cm deionized water placed in sterile 1.5-ml microcentrifuge tubes in the field or no sample (extraction blank (Caporaso et al., 2012) and the recently modified 806rB (Apprill, McNally, Parsons, & Weber, 2015) and primers targeting 18S rRNA gene sequences (euk7F/507R) (Weekers, Gast, Fuerst, & Byers, 1994) .
cDNA was synthesized from 20 ng of purified RNA using the Superscript IV Reverse Transcriptase (Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. Following
T A B L E 1 Aqueous geochemistry of snow samples and bulk geochemistry of snow algae samples (including associated sediments) synthesis of cDNA, samples were purified by ethanol precipitation and resuspended in nuclease-free water for use in amplicon sequencing.
| Sequence analysis
Amplicons were sequenced using MiSeq Illumina 2 × 300 bp chemistry using the primers 515Ff and 806rB targeting V4 hypervariable region of bacterial and archaeal 16S SSU rRNA gene sequences and primers euk7F and 507R targeting eukaryotic 18S rRNA gene sequences by the Research and Testing Laboratory (Lubbock, TX, USA).
Each sample was sequenced once. Post-sequence processing was performed using the Mothur (ver. 1.36.1) sequence analysis platform (Schloss et al., 2009 ) following the MiSeq SOP (Kozich, Westcott, Baxter, Highlander, & Schloss, 2013) . For the 18S rRNA data set, we analyzed the forward read only as well as the assembled contigs. For the 16S rRNA data set, read pairs were assembled. Contigs with ambiguous bases were removed. Contigs were trimmed to include only the overlapping regions and unique sequences were aligned against the SILVA v119 database. Chimeras were identified and removed using UCHIME (Edgar, Haas, Clemente, Quince, & Knight, 2011) .
Operational taxonomic units (OTUs) were assigned at a sequence similarity of 0.97 using the average neighbor method. OTUs were classified within Mothur against the SILVA database (v119) 
| Nucleotide sequence accession numbers
Sequence data including raw reads, quality scores, and mapping data have been deposited in the NCBI Sequence Read Archive (SRA) database with the accession number SRP076975. Library designations and samples sites are provided in Table S1 .
| RESULTS
| Snow geochemistry
Supraglacial and periglacial snow samples containing snow algae were 
| Snow and sediment community composition
Sequencing of SSU cDNA from supraglacial ecosystems and surrounding sediments revealed the presence of active eukarya, bacteria, and archaea. We recovered a total of 2698 distinct eukaryal OTUs (defined at 3.0% sequence dissimilarities). The majority of eukaryal OTUs recovered were affiliated with Chlorophyceae (green algae).
Chlorophyceae-affiliated sequences were recovered from both surface ice-associated and snowfield samples as well as surrounding sediments ( Figure 2 ; Table S6 ). The most abundant Chlorophyceae OTUs were affiliated with the Genus Chlamydomonas and Chloromonas.
BLASTN analyses of these OTUs returned sequences recovered from alpine snow, seasonal snow pack, and supraglacial snow (Table S6 ).
In addition, we observed some 18S rRNA transcripts affiliated with the Chrysophyceae, a class of golden algae; however, these sequences were much less abundant. Sequences affiliated with Agaricomycetes and Agaricostilbomycetes, fungi within the Basidiomycota, were abundant in sediments adjacent to Gotchen Glacier and Collier Glacier, respectively. Basidiomycetous yeasts are often cold tolerant and successfully colonize extremely cold habitats including glaciers and high-altitude regions (Branda et al., 2010) .
We recovered a total of 2445 distinct bacterial OTUs (defined at 3.0% sequence dissimilarity). The most abundant OTUs we recovered were from 16S rRNA transcripts affiliated with Bacteroidetes, within the Sphingobacteria and Betaproteobacteria (Figure 2 ; Table S7 ), which are common constituents of snow algae communities. For instance, Betaproteobacteria were abundant in samples from Iceland, whereas Sphingobacteria were abundant in samples from Northern Sweden (Lutz et al., 2016) . The most abundant Bacteroidetes OTUs were affiliated with the genus Solitalea and Ferruginibacter (Table S7 ).
The majority of the Betaproteobacteria 16S rRNA SSU cDNA sequences recovered from the snow and ice samples were affiliated with the order Burkholderiales and the genus Polaromonas. Polaromonas spp. are commonly observed in samples from glacial surfaces, snow, and sediments (Darcy, Lynch, King, Robeson, & Schmidt, 2011; Hell et al., 2013; Michaud et al., 2012) . Based on BLASTN analyses, the most abundant Bacteroidetes OTUs were most closely related to sequences recovered from glaciers and freshwater biofilms, whereas the sequences affiliated with the genus Polaromonas were most closely related to sequences recovered from a drinking water treatment plant and Lake Taihu (Table S7 ). Transcripts affiliated with Alphaproteobacteria and Actinobacteria were also recovered from all samples. 16S rRNA transcripts affiliated with Cytophagia were abundant in Collier Glacier sediments. The Cytophagia sequences were most closely related to Hymenobacter spp., which have been observed on other glaciers (Zhang, Yang, Wang, & Hou, 2009; Klassen & Foght, 2011) and in "red snow" in Antarctica (Fujii et al., 2010) . Hymenobacter-like strains isolated from basal ice of Victoria Upper Glacier, Antarctica, were psychrotolerant and heterotrophic aerobes (Klassen & Foght, 2011) .
Fewer OTUs affiliated with archaea were recovered compared with bacteria and eukarya ( Figure 2 ; Table S8 ). We recovered 89 archaeal
OTUs (defined at 3.0% sequence dissimilarities). This observation suggests bacteria and eukarya are the dominant active fraction of surface microbial assemblages in glacial snow and ice in these systems.
Sequences affiliated with the Soil Crenarchaeotic Group (SCG) were recovered in Mt. Adams snow and sediments as well as the surface of Palmer Glacier and sediments from Gotchen Glacier and Collier Glacier.
Based on BLASTN analyses, the most abundant OTU affiliated with the Soil Crenarchaeotic Group (SCG) was most closely related to sequences recovered from permafrost (Table S7 ). Sequences affiliated F I G U R E 2 Composition of small subunit rRNA transcripts recovered from sediment (Sed) and supraglacial snow or snowfield samples (Snow). OTUs for each library were binned at the class level for archaea and bacteria and at the order level for eukarya. For eukarya and bacteria, only OTUs which were present in 50% or more of the samples are presented. Bars are ordered by OTU abundance (from most abundant to least abundant) in each sample. Stars indicate sites where carbon uptake microcosms were performed. Eliot and Palmer Glacier are on Mt. Hood; Collier Glacier is on North Sister; the snowfield on Mt. Adams is represented by Mt. Adams; and Gotchen Glacier is on Mt. Adams (sample locations are indicated in Figure 1 ). SCG; Soil Crenarchaeotic Group; SAGMCG-1; South African Gold Mine Gp 1 with the South African Gold Mine Gp 1 (SAGMCG-1) were more abundant on Eliot Glacier which were most closely related to Candidates Nitrosotalea and sequences recovered from the deep hypolimnion of Lake Maggiore (Table S8) . Soil Crenarchaeotic Group (SCG) and South African Gold Mine Gp 1 (SAGMCG-1) populations are assumed to contribute to ammonia oxidation in soils. Sequences affiliated with Thermoplasmata were recovered from the sediments from Palmer Glacier and Gotchen Glacier as well as the surface of Gotchen Glacier.
The most abundant Thermoplasmata OTUS were most closely related sequences recovered from Lake Taihu and a receding glacier forefield (Table S7) .
| Carbon assimilation
Microcosm assays (in the presence of NaH Subsets of assays were amended with fixed nitrogen (NaNO 3 or NH 4 Cl) or phosphorous (as KH 2 PO 4 ). No significant difference was observed in carbon assimilation rates on Mt. Adams in response to amendment with phosphate or nitrate after 60 min or 300 min compared with the control (no amendment, "light") ( Figure 3 , Table S3 ).
In all microcosms from the Mt. Adams snowfield, the rates of lightdependent carbon assimilation were significantly greater than in the dark treatment (p-value <.05, Table S3 ). On Eliot Glacier, carbon assimilation rates in the control ("light") were significantly higher than those amended with ammonium (p-value .0003), whereas no difference was observed between the control and phosphate or nitrate (Figure 3 , Table S4 ). Carbon assimilation rates in the phosphate-and nitrateamended microcosms were significantly higher than the rates in microcosms amended with ammonium (p-values .0000, .0007, respectively; Table S4 ). Blocking UV radiation also did not result in elevated carbon fixation rates; however, the glass serum vials also blocked all UVB and a portion of UVA radiation as has been observed in other studies (Duarte, Rotter, Malvestiti, & Silva, 2009 ). Similar to the Mt.
Adams snowfield microcosms, rates of carbon assimilation in the dark were significantly lower than all other treatments (p-value <.049; Table S4 ). At Collier Glacier, there was no significant difference between rates of carbon assimilation in microcosms amended with phosphate, nitrate, or ammonium compared with the control microcosms ( Figure 3 ; Table S5 ). Similarly, the double amendments of phosphate and nitrate or phosphate and ammonium did not result in significantly elevated carbon assimilation rates compared with the control (Table S5) . We also examined bicarbonate uptake in sunlit sediments on Collier Glacier located at the edge of the ice where meltwater left the ice surface. Compared with all other treatments at Collier Glacier, the carbon assimilation rates in the sediment microcosm were significantly higher (p-values < .0031; Figure 3 ; Table S5 ). As observed in the Mt. Adams snowfield microcosms and the Eliot Glacier microcosms, rates of carbon assimilation in the microcosms incubated in the dark were all significantly less than any other treatment (p-values < .0015; Figure 3 ; Table S5 ). Based on the recovery of 18S rRNA transcripts affiliated with eukaryotic algae (Figure 2) , we assume the majority of inorganic carbon assimilation in the sediments is due to photoautotrophic activity. The seven most abundant transcript OTUs (97% identity) we recovered were affiliated with Chlorophyta. Based on BLASTN analyses, five of the seven were most closely related to sequences within the genus Chlamydomonas which are typically affiliated with red-colored snow (Hoham & Duval, 2001) . Two were affiliated with the genus Chloromonas. Species of Chloromonas, specifically Chloromonsa nivalis, are specially adapted to environmental conditions common on snowfields and produce secondary carotenoids that result in green-, brownish orange-, or pink-colored snow in both polar and alpine regions (Guiry et al., 2014; Remias et al., 2010) . In general, OTUs affiliated with Chlamydomonas and Chloromoans were more abundant in the supraglacial and periglacial snow samples compared with sediment samples (Table S6) . The most abundant, OTU1, was most closely related to Chlamydomonas and was abundant in supraglacial snow from Palmer Glacier and Eliot Glacier. OTU2, most closely related to Chloromonas, was abundant in supraglacial snow from Palmer Glacier and Gotchen Glacier, whereas OTU4 was most abundant on the snowfield on Mt. Adams. The abundance of transcript OTUs affiliated with photoautotrophic algae is consistent with our observations of significantly higher rates of inorganic carbon assimilation in microcosms exposed to light compared with those incubated in the dark (Figure 3 ).
| Snow bacteria
The most abundant OTUs we recovered were from 16S rRNA transcripts affiliated with Bacteroidetes and Betaproteobacteria (Figure 2) which are common constituents of snow algae communities (Lutz et al., 2016) . The most abundant Bacteroidetes OTUs were affiliated with the genus Solitalea and the genus Ferruginibacter (Table   S7 ). Species of both Solitalea and the genus Ferruginibacter are typically heterotrophic. The majority of the Betaproteobacteria 16S rRNA SSU cDNA sequences recovered from the snow and ice samples were affiliated with the order Burkholderiales and the genus Polaromonas. Polaromonas spp. are commonly observed in samples from glacial surfaces, snow, and sediments (Darcy et al., 2011; Hell et al., 2013; Michaud et al., 2012) and characterized isolates of this genus are typically heterotrophic. The recovery of multiple OTUs most closely related to characterized heterotrophic taxa is consistent with observations of intense carbon cycling on glacier ice and snow surfaces as has been observed in cryoconite meltholes (Segawa et al., 2014) . Our microcosm data are consistent with light-dependent primary production; however, cDNA sequences most closely related to Cyanobacteria (photoautotrophs) were not abundant in any of the samples. These data suggest eukaryotic algae are the dominant primary producers on these snowfields which is consistent with previous observations of algal primary production rates approximately two orders of magnitude higher than bacterial primary production for alpine snowfields (Thomas & Duval, 1995) as well as on the Greenland Ice Sheet .
| Snow archaea
We recovered 16S rRNA transcripts affiliated with Archaea from the both ice and snow on the glacier surface and the surrounding sediments. The majority of archaeal OTUs recovered were affiliated with the Thaumarchaeota Soil Crenarchaeota Group (SCG) (Figure 2 ; Table S8 ). The SCG is a monophyletic group commonly thought to be ammonia oxidizers. Based on BLASTN analyses, the most abundant archaeal OTU recovered is most closely related to SCG members Candidatus Nitrososphaera, Candidatus Nitrosoarchaeum, and
Candidatus Nitrosopelagicus. OTUs affiliated with Thaumarchaeota from Robertson Glacier snow samples were also most closely related to this Candidate SCG genus. The recovery of 16S rRNA transcripts affiliated with SCG suggests they are active members of the ice and snow surface ecosystems, consistent with the recovery of closely related transcripts from Robertson Glacier (Hamilton et al., 2013) .
Sequences affiliated with the Thaumarchaeota were also recovered from cryoconite holes in Antarctica (Cameron, Hodson, & Osborn, 2012) ; snow in Antarctica (Cameron et al., 2015) ; and on snow and ice surfaces from glaciers in Iceland (Lutz et al., 2015) .
There is evidence that nitrification catalyzed by ammoniaoxidizing bacteria occurs in Arctic snowpack (Amoroso et al., 2010; Hell et al., 2013; Miteva, Sowers, & Brenchley, 2007) and we recovered bacterial transcripts affiliated with Nitrosomonadales, nitrifying bacteria. Functional genes affiliated with both archaeal and bacterial ammonia oxidizers have been recovered from subglacial sediments (Boyd et al., 2011) and observations of nitrification in ex situ microcosm experiments (Skidmore, Foght, & Sharp, 2000; Foght et al., 2004) indicate nitrification occurs in some glacial ecosystems;
however, one study of alpine snowpack in the United States did not find evidence of nitrification (Williams, Brooks, Mosier, & Tonnessen, 1996) . Our data, along with others, suggest that Thaumarchaeota may be common constituents of supraglacial microbial assemblages and that both AOA and AOB might contribute to N cycling in glacial ecosystems. However, both are present in very low abundance.
Ammonia-oxidizing archaea tend to have much higher affinity for re- 
| Biogeochemical cycling in supraglacial ecosystems
| Nutrient limitation
Previous studies have suggested that primary productivity by supraglacial communities is limited by nutrients including fixed nitrogen and phosphorous Stibal et al., 2006 Stibal et al., , 2009 Telling et al., 2011) . However, the majority of studies to date have reported rates of carbon fixation in cryoconite meltholes. In our snow algae microcosms, the addition of nitrate, ammonium, or phosphate did not uniformly stimulate carbon fixation (Figure 3) . At Collier Glacier, we amended microcosms with a combination of nitrate and phosphate or ammonium and phosphate to examine whether there was evidence for fixed nitrogen and phosphorous colimitation in snow algae communities. Again we did not observe stimulation of carbon fixation in our microcosms. These data suggest the snow algae communities are not (Remias, Lütz-Meindl, & Lütz, 2005) , whereas other studies suggest subsurface samples that receive less light exhibit elevated levels of photosynthesis suggesting these snow algae communities were not photoinhibited. In our study, we measured photosynthetically active radiation levels between ~1000 and ~1700 μmol m −2 s −1 throughout the incubations (Table S2) 
| Carbon cycling
There are relatively few studies that provide ecosystem-scale primary productivity estimates for glacier or snow environments.
Here, we observed average carbon assimilation rates ranging between 5.4 and 56.4 μg C g −1 C biomass hr −1 (Figure 3) . These rates are similar to those found for Sierra Nevada snowfields of 7.4-43.9 μg C g −1 C biomass hr −1 (Thomas & Duval, 1995) , converted from µg C cell −1 hr −1 assuming 6 ng C −1 cell −1 (Holm-Hanson, 1969) .
Furthermore, based on a 12-hr day and estimating our sample size of ~0.5 m 2 , these rates were similar to those measured for Greenland
Ice Sheet cryoconite sites (~4 to 25 µg C g −1 C biomass hr −1 , assuming a 16-hr day, Hodson et al., 2010) as well as for supraglacial algae (average of ~73 μg C g −1 C biomass hr −1 , assuming a 16-hr day, Stibal et al., 2012a,b) . Regardless, our data are consistent with photosynthesis driving carbon fluxes on supraglacial and snowfield fluxes (Franzetti et al., 2016 (Mook, Bommerson, & Staverman, 1974) . This would indicate the algae in the snow near Gotchen Glacier had a fractionation factor (δ 13 C DIC -δ 13 C biomass ) of only −6.4, suggesting DIC-limiting conditions. Support for the system being DIC-limited is suggested from the low DIC concentrations across all sites (from 13.9 to 84.0 μmol/L), with DOC being anywhere from 2.3 to 7.7 times more abundant. The modest effect of P or fixed N addition to carbon fixation rates provides circumstantial evidence supporting DIC limitation rather than P or fixed N limitation at the sites. Intense carbon cycling has been indicated in cryoconite holes (e.g., Hodson et al., 2010; Telling et al., 2011) and our data suggest supra-and periglacial surfaces are also sites of active carbon cycling. Regardless, while studies suggest supraglacial primary productivity contributes to global carbon cycling, the balance between phototrophic and heterotrophic activity on glacier and snow surfaces remains poorly characterized especially on alpine glaciers and snowfields.
| Nitrogen cycling
Studies of glacial ecosystems and supraglacial snowpack indicate that nitrogen cycling is an important aspect of these ecosystems . Anthropogenic input has led to changes in the global nitrogen cycle including an increase in the amount of reactive nitrogen introduced to the atmosphere. While most of this input is thought to affect highly populated regions, it has been predicted that anthropogenic nitrogen has probably influenced watershed nitrogen budgets across the Northern Hemisphere for over a century (Holtgrieve et al., 2011) . In fact, anthropogenic changes to the global nitrogen cycle has led to long-range transport of fixed nitrogen compounds that support life such as NO − 3 and NH + 4 (Dentener et al., 2006; Galloway et al., 2003) to remote locations (Baron, Driscoll, Stoddard, & Richer, 2011; Bergström & Jansson, 2006; Hobbs et al., 2010) . Furthermore, this deposition of fixed N to environments that are otherwise pristine or unaltered by human activity may have important impacts on primary productivity (Elser et al., 2009; Higgins, Robinson, Carter, & Pearson, 2010 (Moore, 1977) . Atmospheric N deposition has also been shown to be the strongest control on meltwater nitrogen in glacial systems (Fegel, Baron, Fountain, Johnson, & Hall, 2016) . In glacial ecosystems, fixed nitrogen delivered through snowpack will diminish late in the warm season due to snowmelt. In our study, we only observed detectable nitrate concentrations at Palmer and Collier Glaciers and are similar to values found in a recent study of Cascade glaciers where concentrations of nitrate in meltwater were all <10 μM (Fegel et al., 2016) . For ice algal communities in Antarctic pack-ice, nitrate was the major nitrogen source for ice algal growth (Kristiansen, Farbrot, Kuosa, Myklestad, & Quillfeldt, 1998) ; however, uptake of nitrate by algal populations was photoinhibited above an irradiance of >500 μmol m −2 s −1 (well below the 1000-1700 μmol m −2 s −1 for this study). In our study, NH (Figure 4 ). This transport results in the delivery of elements including Fe, Mn, and P in the form of pulverized volcanic material to snow algae communities. Because glaciers are formed by burial of snowpack, uptake and sequestration of these elements by supraglacial biomass can be buried in glacial ice and subsequently liberated upon melting. To characterize the biomass and associated sediments that would be buried with snow and incorporated into glacial ice, we examined the elemental composition of bulk snow algae community biomass (i.e., all cellular material and associated allochthonous material including volcanic sediments) relative to local rocks.
By normalizing element concentrations to aluminum (assumed to be immobile), we identified potential relative enrichments or depletions in particulates associated with the snow algae communities. We assume that elements that are depleted in snow algae samples relative to the local rock have left the system via solubilization and transport as supraglacial or subglacial flow (Figure 4) , whereas those that are enriched are sequestered by the snow algae community and are thus potentially more resistant to transport and loss. Comparison of essential nutrients (e.g., Fe, Mn, and P) or biologically neutral (e.g., Mg) elements to Al (an immobile element) indicates that Fe, Mn, and P are all enriched (have ratios that are much higher than that of local lava flows) when compared to the ratios measured by previous work on lava flows at Mt. Hood (Cribb & Barton, 1997) , Mt. Adams (Jicha et al., 2009) , and North Sister (Schmidt & Grunder, 2011) . In contrast, Mg and Ca exhibit depletion relative to aluminum in the bulk snow algae communities compared with the local lava flows, suggesting the communities are actively breaking down minerals and preferentially sequestering Fe, Mn, and P (either intracellularly or extracellularly), while releasing Mg (as well as Ca, Na, and K) ( Figure 5 ). These observations are consistent with observations of snow algae communities enriched with these elements in Svalbard and the Canadian Arctic (Müller, Bleiß, Martin, Rogaschewski, & Fuhr, 1998; Tazaki et al., 1994) which are presumably delivered by clay aerosols.
Supraglacial biomass is incorporated into the glacier as ice during times of glacial growth. We expect the burial of snow algae communities to result in glacial ice that is enriched in Fe, Mn, and P (as well as organic material including C and N). This enrichment likely varies between glacial ecosystems due to differences in aeolian deposition, rock fall, and fluvial transport. Regardless, these nutrients will eventually be released upon glacial melt, providing nutrients to subglacial and down-drainage communities. Snow algae communities play an important role in supraglacial and periglacial snow food webs and supply nutrients that will be delivered throughout the glacial ecosystem.
Variation in delivery of nutrients to the surface affects the rates of primary productivity which feeds into local heterotrophic pathways and aids in supporting downstream (and subglacial ecosystems). However, the delivery of nutrients from buried snow biomass is not usually considered in glacial ecosystem food webs. Our data suggest buried snow algae biomass could be an important source of C, N, Fe, Mn, and P upon melt and glacial retreat. 
| CONCLUSIONS
Here, we present carbon fixation rates and the community structure of the active fraction of snow algae communities on supraglacial and periglacial snow of the Pacific Northwest that are hosted in volcanic terrains. Our data highlight a role for local bedrock in delivering nutrients to ice and snow communities as well as the sequestration of biologically important elements by supraglacial biomass. In contrast to other studies, our data do not support fixed nitrogen or phosphorous limitation of supraglacial primary productivity. Instead, our data suggest DIC may be limiting although we cannot rule out photoinhibiton or colimitation by a combination of essential elements. These studies underscore the need for similar studies in other bedrock geologies to better constrain biogeochemical cycling on glaciers and snowfields and the subsequent delivery of nutrients to downstream ecosystems including the subglacial sediments.
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